Purpose. To determine the optimal mode of friction stir welding of aluminum alloy. Methodology. 2.5 mm thick plates made of aluminum alloy AMg5 with chemical content of alloying elements within grade composition were used as a material for the research. Friction stir welding was carried out using specially designed equipment with a preselected form and dimensions of working tool. At different ratios of the working tool rotation frequency the forces of pressing and speed of its movement along the connecting edges determined the metal heating degree and the quality of welded joint formation. Temperature of the connecting edges heating was determined by thermocouples immersed in metal at different distances from the welded joint. Rotational speed of the working tool was from 800 to 1600 min -1 with the effort of pressing to the plate surface from 580 to 1370 N and the speed of movement along the joint of 50 mm/min.
introduction. Friction stir welding (FSW) [1] refers to diffusion technologies. They are characterized by the lack of change in the aggregate state of the connected edges metal. Metal heating is achieved by converting mechanical energy into heat by the friction from interaction with the working tool surfaces.
Working tool determines the process of formation and distribution of thermal energy in the welding zone, its size and shape influence quality of the welded joint. In this case, the right choice of the main parameters of the instrument, namely the diameter and shape of the shoulder and the pin, is an important problem.
Each part of the tool provides certain functions when converting mechanical energy by friction into the heat. So, the shoulder provides approximately 80 % of the total energy. The rest accounts for the pin, depending on the contact conditions. Therefore, the main role in the welding process is given to the shoulder and the choice of its diameter.
The sufficiently complex form of working tool is due to the need for specific distribution of the heating temperature along the area of contact surfaces. In some cases, it is necessary to make the work surfaces of the tool with thread, grooves, spirals [2] , and others. This makes it possible to destroy the oxide film of the aluminum alloy surfaces at high level, as well as to increase the diffusion degree between the weld metal, which in turn improves mechanical properties of the welded joint.
The working tool pin is intended for distribution of thermal energy over the welded joint thickness, crushing oxide films of the ends of the welding surfaces and their activation, ensuring diffusion during welding.
The form of the working tool pin can vary considerably depending on its diameter, inclination angle of the tool during welding, thickness of the base metal and its chemical composition, and other features, which in turn will influence the welded joint quality. Sometimes the pin surface can be corrugated or threaded that makes it possible to control the flow of plasticized metal and direct it to the sealing of certain segments of the joint, which reduces the probability of occurrence of such defect as lack of root penetration.
As compared to the technologies of partial or full melting the use of friction stir welding can significantly reduce the metal overheating degree in the area of thermal influence. Perspective directions of such technology application involve connecting elements from dissimilar materials that form heterogeneous melts or chemically unstable multiphase mixtures during crystallization. The resulting connections using traditional technolo-Geotechnical and MininG Mechanical enGineerinG, Machine BuildinG gies, such as electric arc welding, will be of very low quality in comparison with derivative metal materials.
Analysis of the previous research. The results of experimental studies [3, 4] determined sensitivity of the welding joint quality according to the friction stir technology not only to increase in the level of metal material plasticity, but also from achieving a certain degree of its stir in the area of welding joint. Based on this, one of the reasons for the need to maximize heating of the edges is to increase the homogeneity of the metal when stirring and increase the metal density due to decrease in the number of cavities in the joint area [5, 6] . Thus, formation of welded joints to a large extent should be determined by the peculiarities of development of the diffusion mass transfer processes, and increase in the metal heating degree is a well-founded decision [7] . Analysis of numerous studies of the internal structure of metal materials after welding joint formation according to the technology of friction stir welding indicates a qualitative coincidence in the indicators with the structural state of the metal after hot reduction.
According to results of studies of the internal structure elements of metal materials, obtaining qualitative welded joints is possible due to the achievement of temperatures in the joint area not lower than the level of 0.8-0.9 from the melting temperature (К). On the other hand, different sensitivity of metal materials to overheating should limit the metal heating temperature. Indeed, heterogeneity of the plastic deformation distribution in the joint area, along with the proportional acceleration of the diffusion mass transfer processes, will lead to a significant anisotropy of the microstructure and corresponding decrease in the complex of properties. Thus, a substantiated limitation of the edge heating degree can be used to inhibition of structural transformation processes that contribute to the formation of its significant heterogeneity [8] .
objectives of the article. The article is aimed to determine the concept of choosing the mode of friction stir welding of aluminum alloy.
Material and methodology of the research. The FSW process (Fig. 1) consisted of the following operations. The working tool 1, which was given a certain rotational speed, approached the base metal 3 and 4 until a dense contact at a small angle (2 … 3°) was established. Moreover, constant normal effort of the tool was given, according to which the shoulder 5 was immersed in the blank to a depth of about 10 % of the total thickness of the welding edges.
In this case, due to the formation of frictional forces on the contact surfaces of the shoulder 5, the pin 6 and the connecting elements 3 and 4 the heating of the base metal begins. Using the pin, the heat is almost evenly distributed across the thickness of the edges. After reaching the required heating degree the metal starts to be stirred.
The welding tool was made using high-speed steel R9, which retains its mechanical properties at elevated temperatures of the tool heating during the friction stir welding of most aluminum alloys. Also, the tool was subjected to a special heat treatment.
The form and dimensions of the working tool used in the work are presented in Fig. 2 . The length of the pin was found using the ratio of 0.9 … 0.95 % of the thickness of the base metal.
Diameter of the working tool pin was chosen to take into account the conditions for maintaining the strength of the pin itself when entering the cold metal at the beginning of the welding process and during subsequent welding, reliable stirring of joint contact surfaces metal, even in case of a slight gap or deviation of the tool movement trajectory from the joint axis.
Friction stir welding was carried out using specially developed equipment, which, along with the selected parameters of the working tool met the requirements [9] and made it possible to obtain a quality welded joint.
2.5 mm thick plates made of aluminum alloy AMg5 with chemical content of alloying elements within grade composition were used as a material for research. At different ratios of the working tool rotation frequency the forces of pressing and speed of its movement along the Geotechnical and MininG Mechanical enGineerinG, Machine BuildinG connecting edges determined the metal heating degree and the quality of welded joint. The heating temperature of the connecting edges was determined by thermocouples of the chromel-aluminum system immersed in metal at different distances from the welded joint axis at the intersection of welded joint.
Rotational speed of the working tool was the value from 800 to 1600 min -1 with the pressing effort to the plate surface from 580 to 1.4 kN and the speed of movement along the seam of 50 mm/min. explanation of scientific results. According to the external signs of the diagram (Fig. 3) , the heating temperature increase of the connecting edges (T ) during friction stir welding from the pressing force (Р) and rotation speed of the working tool (n) can be divided into three sections, with a qualitatively different nature of the ratio of technological parameters.
The first section (ОА) is directly proportional increase in the heating temperature of the connecting edges from the pressing force. The second section (АВ) is T increase under conditions of the constant force of the tool pressing. A characteristic feature of the third section (ВС ) is the outpacing decrease in the force Р at the increase in the metal heating temperature.
At the section ОА for the studied rotational speeds of the working tool the monotonous increase in degree of its pressing to the connecting edges corresponds to the directly proportional increase in the temperature of metal heating. Approximating the experimental data by direct dependencies, one can determine the existence of quite expected influence from the tool rotation speed on the edge heating (Fig. 4) . At the same level of pressing, increasing the tool rotation speed leads to increase in the speed of heating the metal.
On this basis, the tool rotation speed should, to a greater extent, determine both the level of critical value of the tool pressing, and the transition nature to the second part of the dependence, which is confirmed by the data [3, 5, 7] . As the analysis of diagrams shows, with an increase in n the characteristic features of the transition moment to the second section AB is a decrease in the level of critical force of pressing and a more flat form of the dependence itself.
On the other hand, the moment of deviation from a directly proportional ratio can be taken as the beginning of qualitative change development in the internal structure of the alloy. Indeed, on the basis of numerical experimental studies it was determined that in the process of plastic deformation increase in the heating temperature of metal material is accompanied by acceleration of the diffusion mass transfer processes. This in turn should influence the ratio of the development of strengthening and softening processes [10] .
For the alloy under study and the interval of the working tool rotation speeds the moment of deviation from the direct proportional ratio corresponds to approximately the same temperature at the level of 90 °C. Under conditions of unchanged n, proportional increase in the heating temperature with the pressing force increase can be achieved only by exaggeration of the strengthening effect over the softening one. Initial stages of deviation from the proportional dependence indicate that there were achieved conditions when the rate of structural transformations (displacement and annihilation of the crystalline structure defects during deformation) can no longer be compensated by the additional introduction of the crystalline structure defects. On this basis, the first stage should be recombination of dislocations, which leads to the formation of dislocation polygonal groups in the form of the emergence of different types of boundaries with small angles of disorientation.
Conditions of accelerated increase in the heating temperature at almost unchanged Р force correspond to completion of the transition zone from the ОА to АВ section. According to the presented nature, behavior of the alloy under study is, to a large extent, similar to the development of superplastic flow in metallic materials. To this end, it is necessary to evaluate the probability In the process of plastic deformation at elevated temperatures substructural transformations during development of dynamic polygonization processes correspond to the first qualitative signs of internal reorganization of metal material. When heating the most cold-deformed metal materials, the temperature of the beginning of the polygonal boundaries formation (T P ) is subject to the ratio
where T M is the melting temperature К). According to the given dependence for the investigated alloy during the processes of plastic deformation the temperature of the beginning of substructural transformations development should be at the level of 100 °С. In comparison with static conditions (cold plastic deformation and subsequent metal heating) deformation at elevated temperatures leads to acceleration of processes of substructural transformations. This is caused by the fact that during separate heating of cold-deformed metal internal stresses from the introduced crystalline structure defects are the main driving force for movement and redistribution of dislocations. And polygonization development occurs only under the influence of linear tension of dislocations.
As for the deformation at elevated temperatures together with acceleration of diffusion mass transfer leads to the emergence of additional factor -continuous action of stress, which greatly facilitates the development of substructural transformation processes. Thus, one should expect a shift of the moment of the beginning of the substructural transformation development during friction stir welding towards lower temperatures, as compared to the estimation according to the ratio for T P .
Using analysis of dependencies lg T = f (lg P) (Fig. 3 ) the moment of violation of the direct proportional increase in the edge heating temperature from the force of the working tool pressing can be considered as the evidence of appearance of qualitative changes in the internal structure of alloy. In comparison with the practically identical temperature of the beginning of deviation from the directly proportional ratio (90 °C), the moment of achieving a constant level of pressing (point A, Fig. 4 ) has a definite dependence on the working tool rotation speed and makes a value in the range of 100 … 120 °С. Detailed study determined that with increase in the value n the temperature of achievement of the constant pressing force (point A, Fig. 4) shifts towards higher loads.
Taking into account the known experimental data on the study of substructural transformations in the process of hot reduction of metal materials, it is likely that the presented nature of the alloy behavior corresponds to the initial stages of the development of dynamic polygonization processes. Formation of polygonal subboundaries of different perfection degrees with simultaneous increase in the accumulated number of crystalline structure defects occurs at the background of steady increase in the heating temperature of connecting edges. Thus, the maintenance of conditions of constant pressing force with the increase in the heating temperature can be provided only by the corresponding accumulation of the crystalline structure defects during the hot reduction of metal.
At the same time, increase in the efficiency of metal heating with increase in the working tool rotation speed has a definite practical significance when developing the concept of friction stir welding. To this end, an estimation of the angular coefficient (K ) for the dependencies (Fig. 4) according to the relation was carried out
Having analyzed the given dependence, we can be conclude that increase in the value K forms a value from 0.05 to 0.16 deg/N for the corresponding speeds of rotation n (800 … 600 min -1
). Thus, it can be assumed that when developing the welding technology under conditions of the same power of the process, it should be preferred to increase the tool rotation speed and to reduce the degree of its pressing to the connecting edges.
Existence of the sections with a constant level of tool pressing deserves a detailed assessment. For the tool rotational speed of 800 min
, the temperature interval of the existence of a constant force P (1.4 kN, Fig. 4 ) is 250 °С (from 100 to 350 °С). Increasing n from 1250 to 1600 min -1 , the section length along the temperature scale decreases and equals 120 and 30 °С respectively, and the maximum value of Р decreases from about 1 to 0.65 kN (Fig. 4) .
In the first approximation, existence of the sections of the edge heating temperature increase at a constant level of pressing, according to external signs corresponds to the conditions of the steady nature of hot reduction. Execution of the given ratio between Т and Р is possible only by maintaining the balance between the development of strengthening and softening processes, which is ensured by the immutability of the dislocation density at deformation. Excessive number of introduced dislocations to support the conditions for continuous propagation of the plastic flow should be compensated by the development of annihilation processes during recombination of dislocation groups. Indeed, if one estimates the value of plastic deformation as the proportional to the tool pressing force, a greater number of dislocations per one rotation in metal at a speed of 800 min -1 should be introduced as compared to the speed of 1600 min , will take place at relatively low plastic deformations caused by pressing of 0.65 kN. With increase in the degree of deformation from the action of force of 1.4 kN, the increased number of introduced dislocations in metal will lead to increase in their concentration and violation of the conditions for their exit from the slipbands. As a result, the complications arising during development of Geotechnical and MininG Mechanical enGineerinG, Machine BuildinG dynamic polygonization processes will lead to a shift of the moment of the third section beginning to the dependencies towards higher temperatures (Fig. 3) .
Analysis of the results of aluminum alloy behavior during friction stir welding indicates existence of a certain sensitivity of the development of substructural transformations processes to technological parameters of the process.
For the section ВС (Fig. 3) , the characteristic feature is impossibility to prevent decrease in the tool pressing force with increase in the heating temperature of the connecting edges (Fig. 5) .
Analysis of numerical experimental data indicates that the given behavior in general terms corresponds to the conditions for the development of dynamic metal softening. For most aluminum-based alloys, the ratio between the degree of softening and proportion of the recrystallized volume makes it possible to determine the nature of the processes of structural transformations.
Thus, with a decrease in the absolute value of the angular coefficient К approximately by 5 … 6 times the specified limit can be taken as an indicator separating the area of influence completion from the development of dynamic polygonization processes and beginning of recrystallization acceleration.
According to the presented dependence, softening effect to the level of 50 % should be ensured by the development of dynamic substructural transformation processes. In this case, the proportion of the recrystallized alloy does not exceed 10 %. Further increase in the softening degree during hot reduction is, to a greater extent, ensured by the development of the dynamic recrystallization processes.
Evaluating the level of alloy softening at the third section (Fig. 5) using the pressing force reduction in the process of friction stir welding (DР ), the characteristic inverse proportional dependence DР on the working tool rotation speed confirms the above mentioned provisions.
When decreasing n from 1600 to 800 min -1 DР increases from 40 to about 70 % (Fig. 6) .
Thus, it can be assumed that the alloy softening effect at high speeds of the tool rotation is, to a greater extent, caused by the development of the dynamic substructural transformation processes. When reducing rotation speed and increasing the pressing force, the softening effect begins to be more determined by increase in the influence of dynamic recrystallization process development.
Conclusions.
1. At constant speed of the working tool rotation, the proportional increase in the alloy temperature from increasing the level of its pressing to the connecting edges is disturbed by the achievement of conditions of the dynamic softening processes development.
2. On the basis of different ratios of the working tool rotation speed and pressing to the connecting edges, the conditions for achieving the effect of constant softening during friction stir welding are determined.
3. The concept of choosing the technological parameters of the welding process is determined, when it is preferred to increase the working tool rotation speed decreasing the level of its pressing to the connecting edges. 
